Experimental insight into the origin of the interactions which drive high temperature superconductivity can be gained from the anisotropy of the energy gap. In the high-Tc Fe-pnictide superconductors 1 most measurements to date indicate that the energy gap is finite at all points on the Fermi surface 2,3,4,5,6, 7 , in sharp contrast to high-Tc cuprates which have zeros (nodes) in the gap. Here we report magnetic penetration depth and thermal conductivity data for BaFe2(As1−xPx)2 (Tc = 30 K) which show unambiguously that this material has an energy gap with line nodes. This is distinctly different from the nodeless gap found for (Ba,K)Fe2As2 which has similar Tc, electronic structure, and phase diagram. Our results indicate that repulsive electronic interactions play an essential role for Fe-based high-Tc superconductivity but that uniquely there are quasi degenerate pairing states, with and without nodes, which have similar Tc.
The most important question concerning the newly discovered Fe-based high temperature superconductors is what is the interaction that glues the electrons into Cooper pairs. Conventional phonon-mediated pairing leads to the superconducting gap opening all over the Fermi surface, while unconventional pairing mechanisms, such as spin fluctuations, lead to a gap which has opposite signs on some regions of the Fermi surface which is necessary to produce a net attractive pair-interaction in the presence of strong Coulomb repulsion between electrons. In high-T c cuprate superconductors, where the electronic structure is essentially described by a single quasi-two-dimensional Fermi surface, the sign change of order parameter inevitably produces line nodes in the gap function. In Fe-pnictides, however, the Fermi surface has disconnected hole and electron sheets and so the condition for a sign changing gap can be fulfilled without nodes, leading to a distinct type of unconventional order parameter, known as an s ± state 8, 9 . In this case, each Fermi surface is fully gapped, preventing low-energy excitation of quasiparticles similar to conventional phononmeditated superconductors.
Most experimental studies of high-T c Fe-arsenides indicate a fully-gapped superconducting state 1,2,3,4,5,6,7 . Although some measurements could be also consistent with nodes 1,10 , the intrinsic behaviour may be obscured by disorder. The observation of an unusual resonance mode in neutron data 11 and the observation of half-integer flux jumps 12 point towards a sign changing gap consistent with an electronic paring mechanism although an important role for phonons has also been established 13, 14 . Thus the nature of the high-T c superconductivity in Fearsenides remains far from determined.
Recently, the isovalent substitution of P for As in BaFe 2 As 2 was found to induce superconductivity 15 and high-quality single crystals with T c as high as 31 K become available 16 . The substitution in the pnictogen site is expected to induce less scattering in the Feconducting plane than the substitution for Fe as in the case of Ba(Fe,Co) 2 As 2 (T c 24 K). This nominally undoped system bears marked similarities to the hole doped (Ba,K)Fe 2 As 2 system. They have similar phase diagrams 16, 17 : their parent compound is the same (Fig. 1a) which has an antiferromagnetic spin-densitywave (SDW) ground state and high-T c superconductivity with comparable maximum T c appears in proximity to the SDW phase (Fig. 1b) . In addition, as demonstrated in Figs. 1c-e, they possess similar electronic structures. Moreover, in both systems, the presence of the strong antiferromagnetic fluctuations associated with the neighbouring SDW phase has been found by NMR (Ref. 7 and K. Ishida (private communication)). Therefore a comparison of the gap structure in BaFe 2 (As 1−x P x ) 2 and (Ba,K)Fe 2 As 2 is of crucial importance to get insight into the pairing mechanism of high-T c superconductivity in Fe-pnictides.
Among others, low-temperature measurements of the magnetic penetration depth λ and thermal conductivity κ are particularly suitable probes of the gap structure of superconductors. λ is directly related to the superfluid density n s ∝ λ −2 , whose temperature dependence is directly determined by the gap function. κ probes low-energy quasiparticle excitations that carry entropy and the low-temperature thermal conductivity is governed by delocalized quasiparticles, which extend over the whole crystal; it is not contaminated by the localized states or nuclear contributions that may produce the Schottky anomaly in the specific heat. Both measure- The pnictogen-substitution system BaFe2(As1−xPx)2. a, Schematic crystal structure of the parent compound BaFe2As2. b, Phase diagram of temperature T versus P concentration x in BaFe2(As1−xPx)2 single crystals 16 . c,d,e, Fermi surfaces of BaFe2As2 (c), BaFe2(As0.67P0.33)2 (d), and (Ba0.6K0.4)Fe2As2 (e) obtained by band calculations using the density functional theory (see Supplementary Information).
ments probe the bulk superconducting properties and are not influenced by the surface electronic reconstructions which seem to be relevant to surface-sensitive probes in Fe-pnictides 18, 19 . Our BaFe 2 (As 0.67 P 0.33 ) 2 crystals exhibit excellent bulk superconducting properties including a very sharp superconducting transition at T c = 30 K (Fig. 2) . Figure 3a shows the normalized change in the penetration depth ∆λ(T )/λ(0) in BaFe 2 (As 0.67 P 0.33 ) 2 , compared with the reported results of a clean (Ba 0.45 K 0.55 )Fe 2 As 2 crystal 5 . In sharp contrast to the flat behaviour observed in the K-doped crystal, ∆λ(T ) in the P-substituted crystal exhibits a strong quasilinear temperature dependence at low temperatures. The T -linear dependence of ∆λ(T ) is a strong indication of line nodes in the superconducting gap, and is similar to that reported in YBa 2 Cu 3 O 7−δ which has d-wave symmetry 20 . The normalized superfluid den- sity λ 2 (0)/λ 2 (T ) in Fig. 3b also clearly demonstrates the fundamental difference between BaFe 2 (As 0.67 P 0.33 ) 2 and (Ba 0.45 K 0.55 )Fe 2 As 2 . The low-temperature data of BaFe 2 (As 0.67 P 0.33 ) 2 can be fitted to 1 − α(T /T c ) n with the exponent n = 1.1, close to unity. This is completely incompatible with the flat exponential dependence observed in the fully gapped superconductors, and immediately indicates the low-lying quasiparticle excitations in this system. In the fully gapped unconventional s ± state, it has been suggested that the substantial impurity scattering may induce the in-gap states that alter the exponential superfluid density to the power-law dependence, but the exponent is expected to be not smaller than 2 (Refs. 21, 22) . Indeed, in some Fe-pnictides with larger scattering such as Ba(Fe,Co) 2 As 2 , the power-law dependence of superfluid density with powers varying n ∼ 2.0 to ∼ 2.4 has been reported 5,10 . However, the present results with exponent significantly smaller than 2 and much closer to 1 expected for clean superconductors with line nodes, cannot be explained by these modifications of a full-gap state, but is indicative of well-developed line nodes in the gap. : Low-temperature thermal conductivity in BaFe2(As0.67P0.33)2. a, Thermal conductivity divided by temperature κ/T is plotted against T 2 measured under several magnetic fields applied along the c axis. The thermal current is applied in the ab plane. The lines are the best fits to κ0(H)/T + β(H)T 2 . The arrow indicates the normal-state value κn/T estimated from the WiedemannFranz law by using the residual resistivity ρ0 which is obtained by the extrapolation of normal-state resistivity above Tc by assuming ρ(T ) = ρ0 + AT . For comparison, the reported data of (Ba0.75K0.25)Fe2As2 (Tc ≃ 30 K) 6 and the non-superconducting parent compound BaFe2As2 (Ref. 23) are also shown. The slope β in BaFe2(As0.67P0.33)2 is much steeper than phonon contribution in BaFe2As2, and decreases systematically with H consistent with the dominant quasiparticle contribution scattered by vortices (see Eq. 1). b, Residual κ0(H)/T for BaFe2(As0.67P0.33)2 obtained by the extrapolation to T → 0 K at each field value is plotted as a function of H/Hc2. Here the upper critical field Hc2 ≈ 52 T at T = 0 K is estimated from the initial slope of Hc2(T ) near Tc determined by the specific heat (see Supplementary Information). Also shown are the results for the cuprate superconductor Tl2Ba2CuO 6+δ with line nodes in the gap 25 , and fully gapped superconductors Nb (Ref. 26 ) and (Ba0.75K0.25)Fe2As2 (Ref. 6). The lines are guides for the eyes. In contrast to the P-substituted one, κ(H)/T of Kdoped one increases gradually with H, which has been attributed to the slight modulation of the gap value 6 . Inset shows the same data in BaFe2(As0.67P0.33)2 plotted against (H/Hc2) 1/2 . The line is the best fit to the √ H dependence expected for line nodes.
The thermal conductivity also provides a stringent test for the line nodes. First we address the temperature dependence of κ/T in zero field. In K-doped crystals (Ba 0.75 K 0.25 )Fe 2 As 2 (T c = 30 K) 6 , κ(T )/T is nearly identical to the phonon contribution κ ph /T obtained from non-superconducting BaFe 2 As 2 (Ref. 23) , consistent with the fully-gapped superconductivity, in which very few quasiparticles are excited well below T c (Fig. 4a) . What is remarkable is that in spite of similar values of residual resistivity in the normal state 6,16 , the magnitude of κ/T in BaFe 2 (As 0.67 P 0.33 ) 2 is strikingly enhanced from that in (Ba 0.75 K 0.25 )Fe 2 As 2 . Particularly, the presence of a residual value in κ 0 /T (≃ 25 W/K 2 m) at T → 0 K is clearly resolved in BaFe 2 (As 0.67 P 0.33 ) 2 , while such a residual value is not discernible in (Ba 0.75 K 0.25 )Fe 2 As 2 . In fact, it has been shown 24 that the quasiparticle thermal conductivity in superconductors with line nodes is given by
in the range k B T < γ 0 , where γ 0 is the impurity bandwidth. The term κ 0 /T arises from the residual quasiparticles induced by the impurity scattering, no matter how small it is, in the presence of sign change of the order parameter. For line nodes, a rough estimation gives κ 0 /T ≈ 22 mW/K 2 m (see Supplementary Information), which reasonably coincides with the observed value. The second T 2 -term in Eq.
(1) arises from the thermally excited quasiparticles around the nodes, which is also consistent with the observed quadratic temperature dependence of κ/T with a slope one order of magnitude larger than κ ph /T .
Next we discuss the field dependence of κ 0 /T , another independent test of the gap structure. The most distinguished feature in Fig. 4b is that κ 0 (H)/T increases steeply at low fields and attains nearly 70% of the normalstate value even at 0.2H c2 . Such a field dependence is quite similar to that in Tl 2 Ba 2 CuO 6+δ with line nodes 25 but is in dramatic contrast to that in fully gapped superconductors such as Nb (Ref. 26) . In fully gapped superconductors, quasiparticles excited by vortices are localized and unable to transport heat until these vortices are overlapped each other. In sharp contrast, the heat transport in superconductors with nodes is dominated by contributions from delocalized quasiparticles outside vortex cores. The most remarkable effect on thermal transport is the Doppler shift of the quasiparticle energy. In the presence of line nodes where the density of states has a linear energy dependence N (E) ∝ |E|, N (H) increases steeply in proportion to √ H. This is consistent with the field dependence of κ 0 (H)/T in BaFe 2 (As 0.67 P 0.33 ) 2 shown in the inset of Fig. 4b . Thus, the presence of κ 0 /T at zero field, the T 2 dependence of κ/T and the √ H field dependence all lead us to conclude the presence of line nodes in the gap function of BaFe 2 (As 0.67 P 0.33 ) 2 , which provide a strong support on the results of the penetration depth.
The present results clearly indicate that line nodes exist in the gap function of BaFe 2 (As 0 (Figs. 1c-d) , differences in the size and corrugation of hole surfaces may give rise to the dramatic change of the nodal topology. One possibility is that both systems have a nodal s-wave gap function but that the nodes are lifted by disorder 27 in the K-doped system. However, as these samples have almost identical T c values and normal-state residual resistivities 6, 16 as well as similar enhancements in the microwave conductivity below T c (S. Tonegawa et al., unpublished results), this suggests that they have similar levels of disorder and so this scenario is unlikely. It has been pointed out that the pnictogen height sensitively changes the orbital character of one of the hole sheets, which may be the origin of the different paring states 9 . This is consistent with the observation of a nodal pairing state in the iron-phosphide superconductor LaFePO (Refs. 28, 29, 30) . However the nodal gap function generally leads to a much lower T c (as in LaFePO where T c ∼ 7 K) so the high T c of BaFe 2 (As 1−x P x ) 2 remains puzzling. In any case, our results point to the presence of at least two pairing channels which have nearly degenerate energies. We believe this will help to uncover the mechanism of high-T c superconducting in these materials. 
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I. CRYSTAL GROWTH AND CHARACTERIZATION
Single crystals of BaFe2(As1−xPx)2 were grown S1 from a mixture of FeAs, Fe, P (powders) and Ba (flakes). The mixture was placed in an alumina crucible and sealed in an evacuated quartz tube. To avoid explosion due to high vapour pressures, the quartz tube was sealed inside a outer stainless tube by arc-melting. The whole assembly was heated up and typically kept at 1150 -1200
• C for 12 hours, and then cooled slowly down to 900
• C at the rate of 1.5
• C/hour. Platelet crystals as large as 1 × 1 × 0.06 mm 3 with shinny (001) surfaces were extracted. Structural analysis was performed by single-crystal X-ray diffractometry using a four-circle diffractometer (MXC χ , MacScience). The P concentration x was determined by an energy dispersive X-ray (EDX) analyzer (EDAX, Keyence). We find that changes in the lattice parameters a, c and the distance zPn between the pnictogen position and the Fe-plane are well described by Vegard's law. The crystals were carefully cleaved before measurement to avoid any issues with surface contamination.
The specific heat C was measured by a modulated temperature technique, using light as a heat source and a chromelconstantan thermocouple. To obtain the relative change in the electronic specific heat in the inset of Fig. 2 , the normalstate C/T at 14 T was fitted to a low order polynomial (extrapolated to temperatures below Tc) and subtracted from the C/T data at each field.
II. EXPERIMENTAL TECHNIQUES A. Penetration depth
Measurements of the temperature dependence of the magnetic penetration depth λ were performed at the University of Bristol with a high resolution radio frequency susceptometer based on a self-resonant tunnel diode circuit. Two different set-ups were used: one mounted on a pumped 4 He refrigerator (base temperature ∼ 1.5 K) had a resonant frequency of 11.7 MHz and the other mounted on a dilution refrigerator (base temperature ∼ 0.1 K) had a resonant frequency of 14.7 MHz (Ref. S2) . The circuit operates with an extremely small probe field (Hac < 10 mOe) so that the sample is always in the Meissner state. Changes in the resonant frequency are directly proportional to changes in the magnetic penetration depth as the temperature of the sample is varied. The calibration factor is determined from the geometry of the sample, and the total perturbation to the resonant frequency due to the sample, found by withdrawing the sample from the coil at low temperature S3 . The sample is mounted on a sapphire rod, the other end of which is glued to a copper block on which a RuO2 or Cernox thermometer is mounted. The sample and rod are placed inside a solenoid which forms part of the resonant tank circuit. The sapphire sample holder is of very high purity and has a very small paramagnetic background signal, which was subtracted.
Microwave surface impedance measurements by the cavity perturbation technique in Kyoto University S4,S5 were also used to determine the penetration depth λ. We used a superconducting Pb cavity resonator operating at 27.8 GHz in the TE011 mode with a high quality factor Q ∼ 10 6 . To measure the surface impedance of the small single crystal with high precision, the cavity resonator is immersed in superfluid 4 He at 1.6 K and its temperature is stabilized within ±1 mK. The crystal was mounted on a sapphire hot finger and placed at the antinode of the microwave magnetic field Hω ( c axis) so that the shielding currents Iω are excited in the ab plane (see the sketch in Fig. 3) . The inverse of quality factor 1/Q and the shift in the resonance frequency are proportional to the surface resistance Rs and the change in the surface reactance ∆Xs = Xs(T ) − Xs(0) respectively. In the superconducting state, the surface reactance is proportional to the penetration depth Xs = µ0ωλ, where ω is the microwave angular frequency. In the normal state, the relation Rs(T ) = Xs(T ) = (µ0ωρ/2) 1/2 holds for the skin depth regime, from which the λ(T )/λ(0) can be extracted S4 . By comparing with the dc resistivity ρ(T ) and Xs(T ), we evaluate λ(0) = 200 ± 30 nm.
B. Thermal conductivity
Thermal conductivity κ was measured in Kyoto University by the standard four-wire steady-state method in a dilution refrigerator S6,S7 . The thermal current was applied in the ab-plane and magnetic field was applied parallel to the c axis. Four contacts were made to the sample using a spotwelding technique which gave low contact resistances less than 100 mΩ. The temperature dependence of the thermal conductivity was measured in both field-cooling (FC) and zero-field cooling (ZFC) conditions at several fields. We observed no discernible difference between FC and ZFC, indicating that field trapping related to vortex pinning is negligibly small in the present T -and H-ranges. Also, we found a symmetric field dependence for positive and negative fields in the zerofield cooling measurements, which gives a further support for the irrelevance of pinning effects in our data.
III. FERMI SURFACE TOPOLOGY
Our band-structure calculations were performed using an augmented plane wave plus local orbital method as implemented in the WIEN2K code S8 . Calculations we carried out for the paramagnetic state of pure BaFe2As2 (Fig. 1c) , (Ba0.6K0.4)Fe2As2 (Fig. 1d) and BaFe2(As0.67P0.33)2 (Fig. 1e) . The parameters are listed in Table S1 . In order from left to right, the cross-sections at kz = 0, π/c and 2π/c. The sky-blue arrow represents the nesting vector Q = (π/a, π/a, 0). Light dotted circles denote the hole surfaces shifted with Q.
For simplicity we have calculated electronic structure of the doped systems by changing just the lattice parameters and zAs from the parameters for the parent compound. For the Kdoped case we have also adjusted the band filling using a rigid band shift. These assumptions should produce a reasonable guide to the changes with doping as it is known that the most important factors in determining the band structure are zAs and the c/a ratio S11,S12 . In Fig. S1 , we illustrate cross-sections of the Fermi surfaces in the (001) plane at the high-symmetry points. For all three cases the general topology of the Fermi surface is quite similar, with three hole cylinders around Γ and two electron cylinders around X. For the parent material (Fig. S1b ) the electron and hole Fermi surfaces are close to nesting across much of the Fermi surface with Q = (π/a, π/a, 0), (which corresponds to ordering vector in the SDW phase). Substituting either K or P leads to a decrease (to zero) of TSDW. This is likely linked to a reduction of the area of Fermi surface which is close to fulfilling the nesting condition. This occurs in distinctly different ways for the two different substitutions. For the 33% P substituted material (Fig. S1c ) the hole sheets are more corrugated making it more three dimensional (compare kz = 2π/c plane in Fig. S1b with that in Fig. S1c) , and so surfaces are close to nesting only along restricted sections along the c * axis. For the 40% K doped material the hole Fermi surfaces (Fig. S1a) become larger and the electron surfaces become smaller. The two largest hole cylinders now do not contribute to the nesting with Q. Thus, differences in the size and corrugation of the Fermi surface may be the key role in understanding the dramatic change of the nodal character in superconductivity shown in the present paper. 
IV. UPPER CRITICAL FIELD
The specific heat data shows a clear jump at Tc, which is used to determine the upper critical field Hc2(T ) in Fig. S2 . The initial slope dHc2/dT near Tc was found to be −2.56 T/K, from which we estimate µ0Hc2(0) = 52 T by using the Wertharmer-Helfand-Hohenberg (WHH) formula Hc2(0) = −0.69TcdHc2/dT |T c .
V. TEMPERATURE DEPENDENCE OF THE PENETRATION DEPTH
A. Exponent in the power law
In clean superconductors with line nodes, the normalized superfluid density λ 2 (0)/λ 2 (T ) exhibits a linear temperature dependence 1 − α(T /Tc) n with n = 1 for T ≪ Tc (the next term in the expansion is of order T 3 ). This gives ∆λ(T )/λ(0) = 1 2 α(T /Tc) + 3 8 α 2 (T /Tc) 2 + · · · which leads to slightly concave (superlinear) temperature dependence for the penetration depth as we observed. Experimentally we obtain an exponent n = 1.13(±0.05) in a power law fit to the superfluid density assuming λ(0) = 200 nm. The uncertainty in λ(0) is ∼ 15% which leads to an uncertainty in n of ∼ 5%.
The fact that the experimental value of n is slightly larger than unity may result from impurity scattering. In the limit of high levels of disorder, a gap with line nodes gives ∆λ(T ) ∼ T 2 , and the following formula is often used to interpolate between the clean and dirty limits S13 , ∆λ(T ) ∝ T 2 /(T + T * ). The disorder parameter T * is related to the impurity band width γ0. If we use this formula to fit our data, we get T * ∼ 1 K, comparable to that of clean crystals of YBa2Cu3O 7−δ (Ref. S14) . This suggests that our crystals are reasonably clean superconductors with line nodes.
B. Sample dependence
In Fig. S3 , we compare the rf penetration depth measured in two samples of BaFe2(As0.67P0.33)2 from the same batch. The overall temperature dependence is quite reproducible as can be seen in the main panel. At the lowest temperatures below ∼ 0.5 K, we observe a small upturn whose magnitude is somewhat different between the two samples. We carefully checked, by measurements of a sample of the conventional superconductor Pb with similar dimensions, that this upturn is not due to artifacts from the background subtraction. The sample dependence of the upturn suggests that the most likely source of this is a small amount of paramagnetic impurities or residual flux.
Another possibility is that, as found in some crystals of high-Tc cuprate superconductors S15 , the surface Andreev bound states (ABS) are responsible for this anomaly. In cuprate superconductor the sign change of the order parameter leads to ABS at zero energy, which can enhance the penetration depth at very low temperatures on certain crystal faces. For the fully gapped s± state, the sign change of the order parameter is predicted to lead to surface ABS at the sample edge in finite energies S16 . So whether this observation is related to the zero-energy ABS anomaly originating from the nodal structure found here deserves further studies. In any case, this effect is negligible for T > 0.5 K (∼ 0.017Tc), and is very small in sample #1, so this does not affect our conclusion of the existence of low-lying quasiparticle excitations in our system. Figure S3 : Temperature dependence of the change in the penetration depth ∆λ(T ) in two samples. Inset shows an expanded view at low temperatures. The data for sample #1 (the same data as in Fig. 3 of the main paper) is shifted vertically for clarity.
VI. RESIDUAL κ0/T IN SUPERCONDUCTORS WITH LINE NODES
For superconductivity with line nodes, the residual κ0/T is described by
, where κn, τ and ∆ are normalstate thermal conductivity, impurity scattering time and amplitude of the superconducting gap, respectively. By using the relation κn/T = L0/ρ0, κn/T is estimated to be 81 mW/K 2 m, where L0 is the Sommerfeld value L0 = 2.44 × 10 −8 ΩW/K. ρ0 is the residual resistivity which is obtained by the extrapolation of the resistivity above Tc by assuming ρ(T ) = ρ0 +AT . Using τ = µ0λ 2 /ρ0 = 1.7 × 10 −13 s and ∆ = 1.7kB Tc, κ0/T is estimated to be 22 mW/K 2 m. We note that with the parameters for (Ba0.75K0.25)Fe2As2 Luo et al. S17 estimate κ0/T ≈ 14 mW/K 2 m, which is close to our estimate for BaFe2(As0.67P0.33)2.
